Post-traumatic instability of the carpus and the zigzag or sink deformity of the intercarpal joint in rheumatoid arthritis have interested two of us (R. L. L. and J. H. D.) for several years l 0 , l g . Recently, when we encountered several cases of post-traumatic instability of the intercarpal joints, we were stimulated to review our experience with this condition, especially with rotatory subluxation of the intercarpal joint and the associated changes in position of the scaphoid with respect to the radius and the other carpal bones.
been called subluxation of the scaphoid, rotational subluxation, and other names by several authors 2-6.7.11.23.28, and possible examples have been described in many articles 1.2.5. 8,9,16,21,22,24-29. It is the purpose of this article to describe the roentgenographic changes and clinical findings by which the diagnosis of carpal instability is made, to offer a classification of the carpal instabilities based on the roentgenographic findings, and to review existing knowledge of the pathomechanics of these lesions.
Significant Roentgenographic Relationships
On posteroanterior projections of the wrist, the space between the scaphoid and lunate (the scaphoid-lunate gap) in the normal wrist is the same as that between the other carpal bones. Also, on posteroanterior views made with the wrist in ulnar or radial deviation, the space in a normal wrist does not change (Figs. I -A, I -B, and I-C). Widening of this space in the neutral position with further widening during ulnar deviation and narrowing during radial deviation is present in some forms of instability (Figs. 2-A, 2-B, and 2-C). In addition, forced radial deviation may cause the widening to reappear under these circumstances.
On the lateral projection the relationships of the scaphoid to the lunate and of the proximal carpal row to the radius and to the distal carpal row can be defined by drawing a series of axes as follows ( Fig. 3 ):
1 . The longitudinal axes of the long-finger metacarpal, the capitate, the lunate, and the radius (in the normal wrist in thk neutral position these axes all fall on the same line) are drawn through the center of the head of the third metacarpal, the center of the head of the capitate, the mid-points of the convex proximal and the concave distal joint surfaces of the lunate, and through the mid-point of the distal articular surface of the radius.
2. The longitudinal axis of the scaphoid is drawn through the mid-points of its proximal and distal poles.
Use of these axes makes it possible to measure angles that define the positions of the carpal bones. The scapholunate angle formed by the longitudinal axes of the scaphoid and of the lunate averages 46 degrees and ranges from 30 degrees to 60 degrees in normal wrists ( Fig. 3) . An angle greater than 70 degrees indicates carpal instability with the lunate dorsiflexed due to loss of the connecting-rod function of the scaphoid. However, similar intercarpal instability occasionally may be present when the scapholunate angle is smaller (Cases 19 and 20, Table 1 ; Cases 3 to 5, Table 11 ) while the angle is often less than normal when instability associated with palmar flexion of the lunate is present. The capitolunate angle formed by the longitudinal axes of the capitate and of the lunate is normally zero but may be either a dorsal or a palmar angle in the presence of carpal instability. The radiolunate angle formed by and longitudinal axes of the lunate and the radius is, of course, a measure of the amount of dorsal or palmar flexion of the proximal carpal row on the radius. By making a correction for flexion or extension of the wrist when the roentgenogram was made this angle in the unstable wrist can be compared to that in the opposite normal wrist. The radiolunate angle may be either dorsal or palmar depending on the type of instability.
If the distal link (lunate with respect to radius or capitate with respect to lunate) is dorsiflexed, the radiolunate or capitolunate angle is recorded as positive, while if the distal link is palmar flexed, the angle is recorded as negative.
Classification
A study of scapholunate dissociations under way for a decade was broadened to include all cases of carpal instability reviewed in the Hand Clinic of the Mayo Clinic over a tdo-year period. From this study a simple classification~of carpal instability evolved.
In general, there are two types: dorsal and palmar. In the most common dorsal type, a lateral roentgenogram of the wrist shows the carpal lunate to be dorsiflexed and displaced ventrally with respect to the longitudinal axes of the radius and the capitate, which are no longer colinear ( Fig. 4 ). In addition, there usually is some associated rotational displacement of the longitudinal axis of the scaphoid so that this axis is almost perpendicular to the radius, that is, the vertical position of Armstrong. This position appears to be indicative of a dissociation of the scaphoid and lunate caused either by fracture of the scaphoid or by disription of the ligaments of the wrist. In the palmar type of carpal instability, there is palmar flexion of the lunate relative to the longitudinal axes of the radius and the capitate (Fig. 5 ), and there may be associated dorsal subluxation of the lunate on the radius as well. The scaphoid often appears foreshortened on the posteroanterior roentgenogram but there is no dissociation of the scaphoid and lunate (increase in the scapholunate gap). Designation of these common patterns of deformity so as to cause minimum confusion is difficult. However, since the position of the proximal carpal row is usually easier to define on the roentgenograms and since the proximal carpal row is acting as an intercalated segment in these deformities, we suggest that the term dorsiflexed intercalated segment instability would best describe the crumpling deformity of Gilford and associates or the concertina deformity of Fisk and that the term palmar-flexed intercalated segment instability would be appropriate for the opposite change. Since these terms might be cumbersome for regular use, however, they could be shortened to dorsiflexion instability and palmar flexion instability.
These two types of instability are usually easily recognized on routine roentgenograms. However, the displacements of the carpal bones that occur in different positions of the wrist may lead to error in interpretation. For instance, in the normal adult the lunate palmar flexes approximately 20 degrees in relation to the radius during full radial deviation and dorsiflexes an average of 25 degrees in full ulnar deviation 4. Thus, an error could be introduced by positioning the wrist improperly when the roentgenograms are made. Slight rotation of the wrist from the true lateral position also causes some variations in the appearance of the scaphoid and lunate on lateral roentgenograms. Although accurate positioning of the wrists in a neutral posi-VOL. 54-A,NO. 8, DECEMBER 1972 tion for lateral views is routine, we wished to be certain that there was little likelihood that such rotation would be a cause of error in the interpretation of routine roentgenograms. A study of fifty roentgenograms of the wrist, which were removed from the files at random, showed less than 5 degrees of rotatory change in the position of the longitudinal axis of the lunate compared with the longitudinal axes of the capitate and radius after adjustment for wrist flexion or extension.
Both ulnar and radial deviations of the wrist cause overlap of the second and third metacarpal heads on the lateral roentgenogram. For adult males, the amount of overlap is approximately twelve millimeters in full ulnar deviation and seven millimeters in full radial deviation. When the wrist is well positioned for the lateral roentgenogram with neutral deviation there is an overlap of not more than two millimeters. An overlap of more than four millimeters is indicative of significant ulnar or radial deviation.
For the purpose of this study we were able to select roentgenograms that showed less than 20 degrees of dorsiflexion and less than 10 degrees of palmar flexion. The routine posteroanterior views selected for the study also appeared to show little radial or ulnar deviation. Roentgenograms showing the wrist in as nearly a neutral position as possible were selected to minimize error in the interpretation of the angulatory changes. A special effort was made to avoid radial deviation so that an assessment of the amount of flexion of the scaphoid could be made from the appearance of its end-on silhouette on the posteroanterior views.
The scaphoid, normally palmar, flexes during radial deviation and dorsiflexes during ulnar deviation. In the neutral position the scaphoid silhouette lies intermediately between these extreme positions. In both palmar flexion and dorsiflexion instability, the scaphoid tends to be in palmar flexion thus providing a smaller or end-on silhouette. Although it is the lateral roentgenogram that permits the palmar flexion of the scaphoid to be quantitated, the posteroanterior projection may suggest that instability is present.
Roentgenograms of wrists in multiple positions and cineroentgenograms demonstrated a synchronous motion of the scaphoid and lunate during movement of the normal wrist from radial to ulnar deviation.
Clinical Material
Of the patients reviewed who were found to have either dorsiflexion or palmar flexion carpal instability, twenty had scapholunate dissociation; three, perilunar dislocations with or without minor fractures; three, trans-scaphoid perilunar dislocations; thirteen, scaphoid fractures; three, changes in the radiocarpal and ulnocarpal joints with associated imbalance of muscle forces; and five, ligamentous injury or laxity. The pertinent findings in these wrists follow.
Scapholunate Dissociation
This condition found in twenty-three wrists ( Table 1 ) was the result of disruption of the scapholunate interosseous ligament and was manifest as a zigzag deformity of the intercarpal joint (Figs. 2-A, 2-B, 2-C, and 4). The clinical symptoms included pain in the wrist, particularly during dorsiflexion, and a snapping or clicking sensation with movement. The grip strength was usually diminished and wrist motions were impaired in some instances. Using image intensification, we could see that the scapholunate interosseous space opened during movement of the wrist and the normally synchronous movements of the scapholunate joint were disrupted, that is, the lunate did not move with the scaphoid but remained in the dorsiflexed position during most of the movement.
The diagnosis was made in twenty-three hands of twenty patients. A history of THE JOURNAL OF BONE AND JOINT SURGERY Weak ligament I a specific dorsiflexion injury was elicited from ten patients. The other ten patients could not remember a specific injury, though at least four of them, by virtue of their occupation or previous avocation, had been subjected to trauma or stresses of significant degree. The others, including the three with bilateral dissociation, had no relevant history. Congenital ligamentous laxity or developmental ligamentous attenuation may have played a role in those cases. A scapholunate gap greater than two millimeters was considered to be diagnostic. In three patients examined with image intensification the gap could be enlarged by motion, particularly dorsiflexion and ulnar or forced radial deviation. On the routine posteroanterior roentgenograms the gaps ranged from two to seven millimeters for an average of four millimeters. In twenty-one wrists (Cases I through 18, and left wrist of Case 20, Table I ), dorsiflexion instability was evident. The capitolunate angle in these wrists ranged from -8 degrees to -60 degrees (average, -3 l degrees) while the radiolunate angle,when corrected to place the wrist in the neutral position, was usually within 5 degrees of being the same as the capitolunate angle, although in the opposite direction. The scapholunate angle in these twenty-one wrists ranged from 70 degrees to 120 degrees with an average of 90 degrees. This average was 30 degrees above the upper limit of 60 degrees found in the normal wrists.
The two remaining patients with two wrists showing dorsiflexion instability (Case 19 and right wrist of Case 20, Table 1 ) were atypical. They showed little evidence of intercarpal deformity at the capitolunate joint (lhey had normal capitolunate angles), but the gap between the scaphoid and lunate was five millimeters in each instance. The scapholunate angles were only 55 degrees and 65 degrees respectively (Figs. 6-A and 6-B), suggesting that the scaphoid was still performing its function as a connecting rod stabilizing the intercarpal joint in both of these wrists. In VOL. 54-A, NO. 8, DECEMBER 1972 general, the end-on silhouette of the scaphoid as seen on the posteroanterior roentgenograms suggested that the degree of rotation of the scaphoid was roughly proportional to the size of the scapholunate angle as measured on the lateral roentgenograms. 
Perilunar Dislocations without Fracture
Three patients with perilunar dislocations were seen during the period covered by this study. A small fragment avulsed from the dorsal aspect of the lunate was the only visible fracture. Two of the three seen eight and eleven weeks, respectively, after injury had open reductions of their dislocations and ligament reconstructions. At operation, after reduction of the perilunar dislocation, the disruption of the scapholunate ligament was clearly visible and was associated with dorsal prominence of the proxinlal pole of the scaphoid and a large scapholunate gap (Figs. 7-A through 7-D). From the operative findings it was evident that both patients had unstable scapholunate joints, and, when tested by axial compression, one of them also had instability of the dorsiflexion type at the intercarpal joint. In both instances a loop of extensor tendon was used to reconstruct the scapholunate ligament. This loop appeared to hold the scaphoid and lunate in close proximity and improved scapholunate stability but in one instance it did not improve the intercarpal collapse.
The third patient was treated by closed reduction, which was successful. Subsequently this wrist was clinically stable with no capitolunate angulation, but there was persistent widening of the scapholunate gap amounting to three millimeters.
Perilunar Dislocations with Fractures oJ't11e Scapl~oid and Other Bones
Three patients with these injuries were treated by immediate closed reduction and immobilization in a snug cast. In two of the three patients the initial reduction seemed stable (Figs. 8-A through 8-E), the scaphoid having been positioned under the image intensifier in one of them so that seemingly optimum reduction and stability were achieved. However, in both of these patients increasing dorsiflexion instability and non-union developed. Of these two patients one had no further treatment, while the other was treated with a bone graft using the Russe technique. Satisfactory healing seemed to have occurred nine months after grafting, but eighteen months THE JOURNAL OF BONE AND JOINT SURGERY after injury non-union was obvious. The third patient's scaphoid fracture united after closed reduction but the patient was left witha three-millimeter scapholunate gap and a persistent carpal deformity characteristic of dorsiflexion instability.
Scapl7oid Fractures
There were thirteen patients who had scaphoid fractures complicated by insta- Figs bility at the intercarpal joint: twelve had dorsal and one palmar instability (Table 11 ). Ten patients were male and three female. Their ages ranged from sixteen to seventy years. Four of these patients were treated soon after injury by immobilization in a plaster cast and the remainder had been untreated or undiagnosed for three months to twenty years after the fracture. Delayed union or non-union occurred in the four treated by immediate reduction and immobilization in a cast. Surgery for non-union of the scaphoid was carried out in eight patients. Seven had Russe procedures of which one failed. A scaphoid prosthesis was inserted in the remaining patient and in the one whose Russe procedure failed. The other five patients had non-union but insufficient symptoms to justify surgical treatment.
Roentgenographic examination showed evidence of dorsiflexion instability in twelve of the thirteen wrists, that is, dorsal angulation at the fracture site in the scaphoid (Figs. 9-A, 9-B, and 9-C). On these roentgenograms the scapholunate angle was measured using the axis running through the mid-point of the distal articular surface of the scaphoid and the mid-point of-the fracture surface on the distal fragment because of the angulation at the fracture site. The scapholunate angles ranged from 60 to 90 degrees (average, 80 degrees). In this situation, however, these angles are of lesser importance since displacement at the fracture of the scaphoid rather than scapholunate ligamentous disruption allows intercarpal rotational instability to occur. The capitolunate angles ranged from -18 to -40 degrees with an average of -25 degrees, and the radiolunate angle showed a corresponding change, being roughly equal and opposite to the capitolunate angle.
The remaining patient had palmar flexion instability with a scapholunate angle of 15 degrees, a capitolunate angle of 45 degrees, and a radiolunate angle of -45 degrees (Figs. 10-A through 10-D).
Carpal Instability Secondary to Changes in Alignment of the Radiocarpal and Ulnocarpal Joints
Alteration of the alignment of the proximal and distal carpal rows is common VOL. 54-A, NO. 8, DECEMBER 1972
Figs. 9-A through 9-C: A two-year-old ununited fracture of the scaphoid with dorsiflexion instability. Fig. 9-A: Posteroanterior roentgenogram showing the prominent silhouette of the palmar pole of the lunate overlayed by the capitate. era1 Colles' fractures with malunion. She had severe carpal deformities typical of dorsiflexion instability (scapholunate angles, 90 degrees and 100 degrees; capitolunate angles, -30 degrees and -35 degrees; and radiolunate angles, 15 degrees, and 20 degrees). In addition, she had claw-hand deformities apparently caused by her long-standing wrist deformity and the resulting muscle imbalance.
In these wrists the radiolunate angle was significantly less than the corresponding capitolunate angle. We believe that this difference from the wrists previously considered is explained by the fact that the scapholunate 'stability was maintained and the lunate was balanced but in an altered position on the displaced distal radial articular surface. This suggests compensatory realignments through balancing of the articular components rather than true instability. (Fig. IO-C) and lateral roentgenograms (Fig. 10-D) showing persistence of palmar-flexed position after immobilization in a plaster cast.
Figs. 10-C and 10-D: Posteroanterior

FIG. I I-A
FIG . 11- woman injured in an automobile accident. Figs. 11-A and 11-B : Posteroanterior (Fig. 11-A) and lateral ( Fig. 11-B ) roentgenograms before operation showing radial angulation and dorsiflexion of the articular surface of the radius, absence of the distal end of the ulna, and dorsiflexion instability of the intercarpal joint.
Figs. 11-C and 11-D: Posteroanterior (Fig. 11-C) and lateral ( Fig. 1 1-D 
Ligat~lentous Injury or Laxity
Five patients had palmar flexion instability as the result of ligament injury or congenital laxity of the ligaments (Table Ill) . Three of the five were thought to have had traumatic injuries of the carpal ligaments because symptoms began after the following incidents: an automobile accident during which the hands of a nineteen-yearold secretary were on the steering wheel; an attempt by a twenty-six-year-old fireman to open a stuck door by a blow with the heel of his hand (Fig. 13) ; and postoperative manipulation of a stiff wrist of a sixty-eight-year-old man.
The secretary had tenderness over the radiopalmar aspect of the left wrist for three weeks after the injury but thereafter was asymptomatic with no resultant weakness or loss of motion despite roentgenographic evidence of palmar flexion instability.
The fireman initially had tenderness over the hook of the hamate bone, but no evidence of fracture was visualized on a roentgenogram of the carpal tunnel. Tenderness and limitation of dorsiflexion to 20 degrees persisted for two weeks during which time a cock-up splint was worn. He returned to work three weeks after injury. One VOL. 54-A,NO. 8, DECEMBER 1972 Apparent severe palmar flexion instability in a twenty-six-year-old fireman who with the heel of his hand struck a door that would not open. Posteroanterior and lateral roentgenograms show marked palmar flexion of the lunate with normal scapholunate gap and angle. His other wrist showed same roentgenographic findings (note Figure 5 ).
year later he had a normal range of motion, normal grip strength, no pain or tenderness, and roentgenographic evidence of palmar flexion instability.
The sixty-eight-year-old man, prior to the injury to his left wrist, had had his median nerve avulsed at the level of the antecubital space and had had subsequent tendon transfers. After the wrist injury his hand was greatly weakened and he had considerable limitation of motion, but this disability was largely on the basis of his pre-existing condition.
The roentgenograms of the injured wrists of all three patients showed the typical changes of palmar flexion instability (Fig. 13) . However, the opposite wrists of both the secretary and the fireman showed the same palmar flexion instability. It was THE JOURNAL OF BONE AND JOINT SURGERY assumed, therefore, that these two patients had congenital ligamentous laxity and that in the patient with the stiff wrist, tearing of the palmar capitolunate capsule had occurred during manipulation.
The two remaining patients could voluntarily subluxate their intercarpal joints producing the deformity of palmar flexion instability. One had trick wrists with no history of injury. He could voluntarily subluxate his wrist to the amusement of friends and the consternation of his doctors (Figs. 14-A through 14-D) . The other Figs. 14-A through 14-D: Voluntary subluxation of the wrist into position of palmar flexion instability. A forty-three-year-old man could assume this position by flexing his fingers at the interphalangeal joints, extending the metacarpophalangeal joints and the thumb, and then flexing and radially deviating the wrist, a combination of maneuvers that he would do almost instantaneously. Figs. 14-C and 14-D: Posteroanterior (Fig. 14-C) and lateral ( Fig. 14-D) roentgenograms with the wrist subluxated. Note particularly the head of the capitate resting on the palmar part of the lunate concavity and the vertical position of the scaphoid relative to the radius. patient reported that a truck had rolled over his hand while he was reaching to pick up his hat. However, he had been able to subluxate both wrists voluntarily before the injury and roentgenograms showed that both wrists subluxated into a position of palniar flexion instability.
Discussion
Dorsiflexion instability has been recognized for some time. In 1943, Gilford, Bolton, and Lambrinudi discussed the collapse of the carpal joints that occurs after certain scaphoid fractures, pointing out the importance of the scaphoid as a strut that prevents collapse or crumpling at the wrist. They noted that breaking this link allows angulation at the intercarpal joint with associated malalignment of the scaphoid fracture. They also noted that the lunate is dorsiflexed under these circumstances and suggested that the scaphoid functions as a double-stopped link allowing extension at the radiolunate joint and flexion at the capitolunate.
More recently, Fisk, in his Hunterian Lecture in 1968, described wrist-joint motion, the stabilizing effect of the various ligaments and tendons, and the importance of the scaphoid link in providing stability. On the basis of cadaver studies he concluded that the stability of the carpus depends largely on the integrity of the palmar radiocarpal ligament. Though radiocarpal dislocation was observed after division of the palmar radiocarpal ligament, the mid-carpal joint did not become unstable until the capsule between the capitate and lunate had been divided. Strong fibers were observed to run between the radial styloid process and the capitate. When these fibers were divided, the scaphoid could be flexed and extended independently within the carpus: Fisk also noted that the obliquity of the normal radiocarpal ligament prevents the carpus from "falling down hill" (ulnaward) on the inclined articular surface of the radius, a phenomenon that occurs particularly in rheumatoid arthritis, as already noted.
Studies of freshly amputated or cadaver specimens have also been carried out by others. Armstrong, England, and Dobyns and Perkins divided the dorsal radiocarpal ligament transversely over the scapholunate articulation and then severed the scapholunate interosseous ligament. Once these ligaments were divided the proximal pole of the scaphoid would subluxate dorsally, especially during palmar flexion or pronation. Tanz noted similar findings after all but the triquetral and pisiform attachments of the lunate had been severed.
We performed similar studies on four freshly amputated upper extremities. After removal of the skin and subcutaneous tissues, the forearm bones were fixed in a clamp and the different tendons of the forearm muscles were loaded before and after division of the ligaments of the wrist in varying combinations in an attempt to assess the roles of various muscle forces and of the ligaments in the production of wrist instability. Roentgenograms of the wrist in two planes were obtained for each position. In these experiments, it was found that after excision of both the dorsal radiocarpal ligament over the scapholunate joint and the scapholunate interosseous ligament, rotational subluxation of the scaphoid of moderate degree occurred. If, in addition, we partially or completely divided the thickened portion of the palmar radiocarpal ligament, which courses from the radial styloid process to the capitate anterior to the waist and tuberosity of the scaphoid, subluxation of the scaphoid was facilitated. Forced dorsiflexion, ulnar deviation, or radial deviation after division of these structures produced a gap between the scaphoid and the lunate as well.
The rotational instability of the lunate as seen in the clinical syndromes described was not easily reproduced in these experiments. This difficulty may be explained on the basis of gradual loosening of the lunate in the living state caused by continued use and motion or on the basis of inadequate freeing of the proximal carpal row in the fresh specimens.
THE JOURNAL OF BONE AND JOINT SURGERY Landsmeer described zigzag collapse, which occurs in a three-link system with only two controls. His description provides a basis for the understanding of the pathomechanics of wrist instability. In most parts of the body where there is an intercalated segment in a three-link system, control of this segment is provided by a third element. This may be a muscle inserted on the intercalated segment or, as in the case of the proximal phalanx of the fingers, it may be the lumbrical crossing the segment and moderating tension between the extensor apparatus and the flexor profundus. The unique contribution of the scaphoid to the stability of the intercarpal joint is analogous to this third-element control except that the scaphoid acts as a rigid connecting rod rather than as a dynamic muscular control. The interosseous scapholunate ligament provides a push-pull coupling to the lunate Is and provides a viscoelastic damping effect to smooth out the interrelated motions.
MacConaill believed that during dorsiflexion there is a screw-clamp effect by which the lunate and the proximal carpal row are gripped so that they are carried into dorsiflexion synchronously with the rest of the carpus.
Several authors z7. lo. 11.21.23.24.28 noted that instability of the scapholunate joint may develop after scaphoid dislocation or subluxation, and emphasized the existence of intercarpal instability. We believe that the term scapholunate dissociation better describes dorsal flexion instability, the syndrome characterized by: ( I ) displacement of the scaphoid to a vertical position relative to the lunate and (2) a gap between the lunate and the proximal pole of the scaphoid. The intercarpal collapse resulting from this type of injury has not been sufficiently stressed and probably is much more common than the literature suggests. After any injury to the wrist the lateral roentgenogram should be examined carefully for evidence of intercarpal collapse. If it is present, closed reduction techniques should reduce it completely and maintain reduction; otherwise, open reduction and internal fixation should be considered. Persistence of intercarpal collapse would seem to predispose both to a high incidence of non-union of fractures of the carpal scaphoid and to late degenerative changes even in those instances where no fractures are present.
Palmar flexion instability is less commonly recognized. It may be seen in rheumatoid arthritis, in post-traumatic ulnar transposition of the carpus, possibly in the presence of congenital ligamentous laxity, and perhaps after tearing of the palmar radiocarpal ligament distal to the lunate. In this form of instability, the scapholunate ligament appears to be intact and the angle formed by the longitudinal axes of the scaphoid and lunate is decreased. The one example of this type of deformity in our series was observed after a scaphoid fracture (Case 8, Table 11 ) but this deformity may have been present prior to the fracture as the result of congenital ligamentous laxity or previous injury. Therefore palmar flexion instability, manifest as palmar angulation of the proximal carpal row, seems to occur when the scapholunate ligament is intact, but presumably there is traumatic or congenital laxity of the palmar radiocarpal ligament.
From these considerations it is obvious that the kinematics of the wrist are complex and that to analyze them thoroughly will require sophisticated studies. However, certain basic motions are now understood. The proximal carpal row, excluding the scaphoid, is an intercalated segment whose position and motions are determined by the pressures exerted on it at the intercarpal and radioulnar articular surfaces. The proximal and distal carpal rows move synchronously during dorsal and palniar flexion but reciprocally during ulnar and radial deviation '% Synchronous angulation in the sagittal plane during dorsal and palmar flexion is accomplished primarily by the mechanical effect of the scaphoid linkage which spans the intercarpal joint. The complex arrangement of the dorsal and palrnar radiocarpal ligaments serves to determine the arcs of motion.
VOL. -A, NO. 8, DECEMBER 1972 During ulnar and radial deviation the reciprocal motions of the proximal and distal carpal rows appear to be produced by the pressure of the capitate as it nioves on the concave distal articular surface of the lunate. During radial deviation the capitate exerts pressure anterior to the balance point of the convex surface of the lunate on the distal articular surface of the radius, and palmar flexion of the proximal carpal row occurs. During ulnar deviation, on the contrary, the pressure of the capitate shifts to the dorsal side of the balance point and dorsiflexion of the proximal row is the result.
Movement of the capitate during ulnar and radial deviation is a combination of conjugate rotation and gliding along an obliquely oriented course. This complex motion apparently is produced by the radial carpal extensors pulling in a dorsoradial direction during radial deviation and by the ulnar carpal flexors pulling in a palmarulnar direction during ulnar deviation. The directions of these muscle forces are undoubtedly altered by pronation and supination, notably by the change in the position of the extensor carpi ulnaris. The arc of movement of the capitate during ulnar and radial deviation, therefore, may vary with pronation and supination. The results of recent electromyographic and kinesiologic studies ~3. 20 are consistent with this description of the rotational and sliding motions of the capitate.
Traumatic instability of the wrist after injury occurs because of either disruption of the ligamentous restraints or changes in the geometry of the bone links. This type of disruption most commonly involves the scaphoid and its attachments which provide mechanical stability to the intercarpal joint. A lateral roentgenogram of the wrist shows that the longitudinal axis of the scaphoid lies on an oblique line extending from a proximal-dorsal to a distal-palmar position. With the wrist in neutral position this axis of the scaphoid neatly bisects the longitudinal line that joins the center of rotation of the proximal carpal row (located on the concave distal surface of the lunate) and the center of rotation of the distal carpal row (located in the neck of the capitate). The linkage in this location provided by the scaphoid is responsible for the synchronous motion of the two carpal rows in sagittal-plane motion and provides stability against rotational collapse. This mechanical system, which resembles a slider-crank arm, provides stability to the three-bar linkage by reason of its oblique placement l4 (Fig. 15 ). If the capsular restraints about either the distal or the proximal end of the scaphoid are lengthened or torn, the scaphoid does not provide as much stability for the intercarpal joint. A fracture of the scaphoid, of course, would produce the same effect.
Dorsiflexion instability occurred in most of the scapholunate dissociations and in all but one of the scaphoid fractures with displacement. The first observation strongly suggests that rupture of the scapholunate interosseous ligament favors dorsal angulation of the lunate. Dorsiflexion instability also occurred when there was dorsal angulation of the radial articular surface and other angulatory displacements of the wrist and carpus as the result of malunion of a fracture. In our experiments on freshly amputated wrists, division of both the scapholunate ligament and the palmar radiocarpal ligament anterior to its distal scaphoid attachment appeared to be necessary before the scaphoid would displace into the vertical position.
Palmar flexion instability was observed after only one scaphoid fracture but was seen in varying degrees in three patients who had dorsiflexion injuries of the wrist. While originally we believed that rupture of the palmar radiocarpal ligament was responsible for this condition, re-examination of two of these patients showed a siniilar deformity in both of their wrists, suggesting that it is a congenital condition or a sequel of ligamentous laxity. Support for this concept was found in two patients who could spontaneously subluxate their wrists into the position of palmar flexion instability. Since this deformity also occurred in another patient who had lost the distal end of the ulna, the triangular fibrocartilage and the triquetrum, we concluded that Slider-crank mechanical model for motion of the intercarpal joint in the sagittal plane. The three-bar linkage shown represents the linkage coinposed of the radius, lunate, and capitometacarpal links. This linkage is stabilized by the crank (the scaphoid) the straight component that extends between the two t-shaped components which represent the lunate and capitometacarpal links. The linkages of the crank (scaphoid) are a dorsal "revolute" linkage proximally (on the lunate) and a palmar "prismatic" linkage distally (on the capitometacarpal link). The revolute linkage represents the scapholunate ligament; the prismatic linkage, the scaphotrapezoidal-trapezia1 joint. In dorsiflexion the scaphoid crank induces dorsal rotation of the lunate link by a compressive force directed proximodorsally along the line of the longitudinal axis of the scaphoid. In palmar flexion an oppositely directed tensile force pulls the lunate into palmar flexion. Note that the crank arm will bisect the line joining the centers of rotation of the capitate and the lunate when the wrist is in neutral position. ulnar displacement of the proxinial row may be responsible for palmar flexion instability. The same deformity is often seen in rheumatoid arthritis. The rheumatoid deformity, therefore, may be analogous to the apparent palmar flexion instability that accompanies radial deviation of the normal hand where the distal carpal row slides ulnarly on the lunate. Ligamentous laxity without disruption of the scapholunate attachment seems to favor palmar flexion instability.
Summary
The scaphoid is a mechanical link that stabilizes the intercarpal joint during motions of the wrist. Without this stability the proximal carpal row acts as an unsupported intercalated link in a three-link system and zigzag collapse occurs with axial loading. A deformity with dorsiflexion of the lunate within the linkage (dorsiflexion instability) occurs commonly after scaphoid fracture and scapholunate dissociation. When dissociation occurs the scaphoid assumes a vertical position, that is, the angle formed by the longitudinal axes of the scaphoid and the lunate approaches a right angle. Rupture of the distal attachments of the palmar radiocarpal ligament and of the scapholunate ligament appears to induce dissociation. It is therefore concluded that ligamentous injury along with scaphoid fracture is probably necessary if dorsiflexion instability is to develop.
Palmar flexion instability characterized by palmar flexion of the lunate within the wrist linkage appears to be associated with ulnar displacement of the carpwas is seen in rheumatoid arthritis or after loss of the distal end of the ulna. This position may be normal in a small percentage of patients. The direction of the intercarpal collapse is related to the location of the pressure of the head of the capitate against the concave surface of the lunate, that is, whether this pressure is dorsal or palmar to the plane of the radiolunate fulcrum on the proximal convex surface of the lunate. The direction of the collapse is also related to the normal oblique path of motion (rotation and sliding) of the capitate during ulnar and radial deviation and is intimately controlled by the geometric configuration of the bones and the resultant of forces on the carpus. These forces are determined by the strength, direction, and leverage of the musculotendinous units, which cross the joints of the wrist complex.
